The unburned hydrocarbon (UHC) and carbon monoxide (CO) emissions from smokeless low-temperature diesel combustion (LTC) with ultra-high exhaust gas recirculation (EGR) can be attributed to lowered combustion temperatures as well as to under-mixing of fuel-rich mixture along the combustion chamber walls, overly mixed fuel-lean mixture at the spray tails, and fuel missing the piston bowl and entering the squish zones. Two-stage injection has the potential to reduce UHC and CO emissions through decreasing the ratios of these mixtures. This study investigates the effects of two-stage fuel injection by varying the dwell between the two injections as well as the fuel quantity in each injection on the UHC and CO emissions, experimentally with a single-cylinder diesel engine. With the optimized dwell and injection ratio, two-stage injection can reduce the UHC and CO emissions, but these emissions are still at high levels in the ultra-high EGR smokeless LTC regime. Computational fluid dynamics simulations of the in-cylinder spray and mixture formation processes showed that with the two-stage injection, over-rich mixture in the squish zones can be significantly avoided but the over-lean mixtures at centre of the combustion chamber are little reduced, and these would likely be a significant source of UHC and CO emissions.
INTRODUCTION
Diesel engines have the highest thermal efficiency among internal combustion engines, and a promotion of diesel utilization could be advantageous to reduce carbon dioxide emissions. However, owing to the trade-off between nitrogen oxides (NO x ) and soot emissions from the jet-mixing-controlled diesel combustion [1] , it appears unlikely that conventional diesel engines can meet the increasingly stringent emission regulations coming into force in many industrialized countries, without expensive after-treatment systems [2, 3] , despite the significant reductions of engine-out emissions with advanced technologies including elevated injection pressure, cooled exhaust gas recirculation (EGR), and variable-geometry turbochargers. Nevertheless, to maintain the functioning of exhaust after-treatment devices and fuel economy in relation to vehicle running costs, further reductions in engineout emissions through improved combustion technologies are urgently required.
Premixed compression-ignition low-temperature combustion (LTC) engines can deliver both high efficiencies and ultra-low NO x and soot emissions [3, 4] . Owing to the low volatility of diesel fuels, most research into diesel LTC is focused on direct injection strategies with either very early injections for lean mixtures [5] [6] [7] or moderately advanced (or retarded) injections with large quantities of cooled EGR [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In the very early injection strategies, specially designed injector or injection strategies are necessary to *Corresponding author: Division of Energy and Environmental Systems, Graduate School of Engineering, Hokkaido University, N13 W8, Kita-ku, Sapporo 060-8628, Japan. email: litie@eng.hokudai.ac.jp avoid oil dilution by liquid spray impinging upon the cylinder walls. In addition to increased engine costs, however, engine performance would suffer with the specially designed systems when switched from LTC to conventional combustion at higher loads, since these strategies are limited to partial load operations.
Fuel injection systems for conventional diesel combustion can be readily utilized for moderatelyadvanced injections without concerns about cylinder wall wetting by the spray, but large quantities of cooled EGR are generally necessary to achieve smokeless LTC. Although EGR is very effective to reduce NO x emissions in diesel engines, because of the trade-off between NO x and soot emissions, EGR is conventionally limited to relatively low rates in spite of the potential for further reductions in NO x emissions. Recent research has demonstrated that ultra-high rates (. 50 per cent) of EGR can help to extend ignition delays as well as reduce combustion temperatures, and as a consequence smokeless and ultra-low NO x combustion can be accomplished with ultrahigh EGR [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
However, there are dramatic increases in unburned hydrocarbon (UHC) and carbon monoxide (CO) emissions as well as unacceptable deteriorations in combustion efficiency with ultra-high EGR LTC [13] [14] [15] [16] [17] [18] [19] . Besides the common sources of UHC and CO emissions such as injector dribbling at the needle opening and closing events, and over-mixing of fuel during the ignition delay period in conventional diesel combustion [20, 21] , there are further causes contributing to the increases of UHC and CO emissions in ultra-high EGR LTC. First, bulk quenching of mixture during the gas expansion owing to lowered peak combustion temperatures with ultrahigh EGR can be a significant source of UHC and CO emissions. Next, fuel-air over-mixing at the spray tails after the end of injection has been observed in experiments with both constant-volume vessels [22] and optical engines [23, 24] under conditions simulating diesel LTC, and the mixtures here are too lean to support complete combustion, becoming a source of UHC and CO emissions. Moreover, owing to the increases in ignition delays with ultra-high EGR, advanced fuel injection is commonly necessary to avoid deterioration in the torque output [16] ; as a result, fuel missing the piston bowls and entering the squish zones can be considered as a further source of UHC and CO emissions [14, 18, 19, 23, 24] .
Split injections are effective to reduce smoke emissions in diesel engines [26, 27] , with the reduction largely attributed to improved fuel-air mixing processes [28, 29] . Here two-stage injection can also be expected to reduce UHC and CO emissions by reducing over-lean mixture at the spray tails as well as by avoiding fuel-rich mixture entering the squish zone. The effects of two-stage injection on the exhaust gas emissions from diesel LTC with ultra-high EGR have been investigated [30, 31] . In these studies, however, there were non-negligible increases in smoke emissions in the ultra-high EGR LTC regime, which can be attributed to the fact that ignition occurred in the mixture resulting from the first injection and fuel from the second injection was burned with insufficient mixing and at high temperature.
The objective of this study is to investigate the effect of two-stage injection on the UHC and CO emissions from smokeless and ultra-low NO x diesel combustion with large quantities of cooled EGR. Ignition of the first injected fuel was circumvented by using a low cetane number fuel. Engine bench experiments were conducted to examine the characteristics of the combustion and exhaust gas emissions with the twostage injection, and three-dimensional computational fluid dynamics (3D CFD) simulations were carried out to evaluate the effect of the two-stage injection on the spray and mixture formation processes in a low oxygen environment simulating engine operation with 60 per cent EGR. Table 1 shows the specifications of the engine and Table 2 shows the experimental conditions. Experiments were conducted on a single-cylinder, two-valve, naturally aspirated, four-stroke, one-liter direct injection (DI) diesel engine with a common rail fuel injection system; a compression ratio of 16.0 was used. The injection pressure was set at 120 MPa, and the fuel injection quantity at 32 mm 3 /stroke, corresponding to a 50 per cent load (indicated mean effective pressure (IMEP): 0.5 MPa) under the condition without EGR. The injection timing (t SOI ) was dynamically controlled, as will be detailed in section 4. The engine speed and coolant temperature were fixed at 1320 r/min and 80uC, respectively. The EGR was realized by diverting part of the cooled exhaust gas into the intake port with gate valves. The EGR rate was defined by the volume fraction of EGR gas in the total intake charge under standard conditions. The temperature of the intake mixture of fresh air and EGR gas was 30 ¡ 3 uC under all operating conditions. Table 3 shows the properties of the test fuels. The n-paraffins (NP) and iso-paraffins (IP) used as the baseline fuels have similar physical properties, for the density, kinematic viscosity, and distillation temperatures affecting the spray and mixture formation processes. Reference fuels (RF) were obtained by blending NP and IP in various volume fractions as shown by the number following RF. The cetane number of the reference fuel was calculated based on the volumetric fraction. To avoid ignition by the first injection, RF3-7 (cetane number 42) was used in the experiments with two-stage injection, and the other fuels were used to provide basic data for comparison between the characteristics of ultra-high EGR LTC with single and two-stage injection.
EXPERIMENTAL SETUP

Test engine and operation conditions
Test fuels
Analysis of indicator diagrams and exhaust gas emissions
The in-cylinder pressure was measured by a water-cooled piezoelectric pressure transducer (6061B: KISTLER), and data for 90 cycles were averaged for the indicator analysis. The rate of heat release (ROHR) was calculated from the pressure data following a procedure similar to that in reference [32] . The ROHR was integrated from 230uCA ATDC (degree crank angle after top dead centre) to just prior to the exhaust valve opening to obtain the cumulative apparent heat release, which was normalized by the maximum value. The ignition timing is defined as the crank angle of 5 per cent of the normalized cumulative heat release.
Exhaust gas was sampled about 1500 mm downstream from the engine exhaust valve, and was analyzed with an automotive exhaust gas analyser (MEXA-9100DEGR: HORIBA) including a non-dispersive infrared absorption method for CO, a chemical luminescence detector for NO x , and a heated flame ionization detector for UHC. The smoke concentration, which is a good estimate of the soot or insoluble fractions in diesel particulate emissions, was measured with a Bosch-type smoke meter (DSM-20AN: ZEXEL) using the light reflected by the filter paper where smoke was sampled. The basic value is 23.5 per cent, and a negative value is obtained when there is no smoke or the smoke concentration is very low. The intake oxygen concentration (O 2in ) was measured with a paramagnetic-type oxygen tester (POT-101: SHIMADZU).
NUMERICAL SIMULATION METHOD
To investigate the distributions of the in-cylinder fuelair mixture concentrations in the low oxygen environments, numerical simulations were conducted using the 3D CFD code AVL FIRE 8.2. Table 4 shows the submodels for spray and mixture formation and the initial conditions. The mesh of about 30 000 cells used in the CFD simulation is shown in Fig. 1 . The engine specifications and operating conditions in the simulations were identical with those in the experiments, and the boundary conditions were set so that the temperature and pressure traces during the compression stroke for the simulation and measurements matched. The 'diesel fuel' parameter setting in the FIRE package, which has physical properties similar to the test fuels in the experiments, was used. The calculations were executed from the engine intake valve closing to 10uCA ATDC. Figure 2 shows the effects of cetane number and injection timing t inj on the ignition delay and premixing time h pre for two intake oxygen concentrations, 12 per cent and 9 per cent (50 per cent and 60 per cent EGR). Here the 12 per cent O 2 is representative of the operating condition with high smoke emissions and 9 per cent O 2 is for smokeless combustion in the general cases [16] [17] [18] [19] . The ignition timing is defined by the crank angle with 5 per cent of the accumulated apparent heat release. The premixing time is defined by the period from the end of fuel injection to the onset of the ignition, and it is given by subtracting the injection duration from the ignition delay. Therefore, the negative values of the premixing time represent the ignition during the fuel injection. It must be pointed out that a decrease in the intake oxygen concentration to 9 per cent with EGR results in misfiring for the fuel of cetane number 34. The lower the cetane number is, the more the advanced fuel injection or decreased intake oxygen content causes the ignition delay or premixing time to increase. It is noteworthy that the premixing time is around zero with cetane number 94, indicating that ignition occurs around the end of fuel injection, regardless of the injection timing and intake oxygen concentration. Figure 3 shows the effect of premixing time on the maximum rate of pressure rise (dp/dh max ) and the exhaust gas emissions measured for two intake oxygen concentrations, various cetane numbers, and injection timings. At all premixing times, the NO x emissions are suppressed to levels below 0.6 g/(kW i h) (gram per indicated work) with the 12 per cent intake oxygen concentration, and these emissions are further reduced to below 0.1 g/(kW i h) (10 ppm) when decreasing the intake oxygen concentration to 9 per cent. With the premixing time longer than 4uCA, that is ignition occurred at times later than 4uCA after the end of fuel injection, smokeless combustion is established regardless of the intake oxygen concentration, cetane number, and injection timing. When the premixing time is shorter than 4uCA, smoke emissions increase sharply with the premixing time decreasing in most cases, but there is case of smokeless combustion at this condition. For example, despite the low oxygen concentration at 9 per cent, the premixing time is around zero with cetane number 94 for all injection timings. There are significant amount of smoke emissions with the injection timings earlier than 215uCA ATDC because the advanced injection leads to too early combustion phasing and high combustion temperature, but smokeless combustion is established with the injections at 26 and 210uCA ATDC owing to the lowered combustion temperature. In this case of smokeless combustion with 9 per cent oxygen and insufficient mixing time, however, the UHC and CO emissions are significantly higher than when the premixing time is adequate. Advancing the fuel injection timing is effective to extend the premixing time and improve the fuel-air mixing, but with the high intake oxygen concentration and high cetane numbers, this strategy significantly increases the maximum rate of pressure rise and the engine noise. At 9 per cent oxygen, the maximum rate of pressure rise can be suppressed to below 1.0 MPa/uCA for all premixing times. While the UHC and CO emissions show apparently higher concentrations with the 9 per cent intake oxygen than with 12 per cent oxygen, with the premixing time increasing, these emissions decrease at first, reach lowest values, and then increase again at 9 per cent oxygen. This suggests that while local insufficient mixing (too short premixing time) or overly mixed fuel-air mixture (too long premixing time) could be the sources of the UHC and CO emissions, these emissions can be reduced with improved fuel-air mixing, and optimized two-stage injection could be effective to promote fuel-air mixing. The effect of the two-stage injection on the UHC and CO emissions at the 9 per cent intake oxygen concentration is shown in Fig. 4 . In the two-stage injection, 20 per cent of fuel was injected in the first injection that started at 235uCA ATDC and completed at 229uCA ATDC and the second injection timing (t 2ndSOI ) was varied. Here note that the injection timing is based on the measured signal of needle valve lift, and the two-stage injection with the second injection started at 229uCA ATDC is different from the single injection started at 235uCA ATDC. For example, owing to the injector needle dynamics, the total injection duration of two-stage injection is 16uCA, which is apparently longer than 11uCA for the single injection. For comparison, the data with the single injection around TDC ignition under the same conditions as in Fig. 3 and the data with 12 per cent oxygen are also plotted in Fig. 4 . The UHC and CO emissions are somewhat lower with the two-stage injection compared to those with the single injection with 9 per cent oxygen, but the emissions are still at apparently higher levels than those with 12 per cent oxygen. Note that the NO x emissions are below 0.1 g/ (kW i h) at 9 per cent oxygen ( Fig. 3) , regardless of the various injection strategies. Figure 5 shows the rate of heat release with the single injection starting at 235uCA ATDC and the two-stage Fig. 3 Premixing time vs. the maximum rate of pressure rise and exhaust gas emissions for two intake oxygen concentrations, various cetane numbers, and injection timings Fig. 4 Effect of two-stage injection on UHC and CO emissions at 9 per cent intake oxygen concentration with RF3-7. Filled stars: two-stage injection with 20 per cent fuel injected in the first injection started at 235 uCA ATDC and completed at 229 uCA ATDC and the second injection time sweeping, and the duration of second injection is 10 uCA. Other filled symbols: single injection around TDC ignition at 9 per cent intake oxygen concentration under the same conditions as in Fig. 2 . The open symbols: emissions at 12 per cent intake oxygen concentration under the same conditions as in Fig. 2 Effect of two-stage injection on unburned hydrocarbon and carbon monoxide emissions injection under the same conditions as in Fig. 4 . The two-stage injection with the second injection starting at 229uCA ATDC exhibits a higher peak rate of heat release than the single injection, though the ignition timings are almost identical. Retardation of the second injection to 224uCA ATDC leads to about a 2 degree advance in the ignition timing. These results can be attributed to the increase in combustible mixture available with the two-stage injection. However, the twostage injection with further retarded second injection results in ignition delays and slower rates of heat release, and with the second injection later than 215uCA ATDC, the combustion becomes unstable. This is in good agreement with the trends in the UHC and CO emissions shown in Fig. 4 . When holding the dwell between the two injections at 5uCA and the first injection timing at 235uCA ATDC, the effect of the size of the fuel fraction in the first injection on the UHC and CO emissions is shown in Fig. 6 . Decreases in the fuel fraction in the first injection are advantageous to reductions in the UHC and CO emissions, but these emissions are still at fairly high levels. Here, either an increased dwell or a retarded first injection at 9 per cent oxygen will lead to ignition after TDC, which would significantly increase the UHC and CO emissions. Figure 7 shows the simulated fuel spray and mixture distributions at 6uCA after the start of injection, and Figure 8 shows the simulated mixture distributions at TDC, for various fuel injection timings. The results here and in the following sections represent the cross-sections including the spray direction and the piston-bowl centre. Note that Figs 8(a) and (b) are based on the same set of data, but the scale of the color bar for the equivalence ratios (w) is different to make it better possible to distinguish the fuel rich and lean areas in the mixture. As shown in Fig. 8(a) , with the injection timing at 10 uCA BTDC, the fuel injection is still in progress at TDC, and there are significant amounts of mixture with equivalence ratios above 2.0. With TDC ignition, these undermixing over-rich mixtures would have difficulty in burning completely with low combustion temperatures in the low-oxygen environments, resulting in the increases in the UHC and CO emissions shown in Fig. 4 . Advances in the injection timing, using low cetane number fuels, help to extend the ignition delay, reduce the over-rich mixture at TDC as shown in Fig. 8(a) , and this strategy results in a decrease in the UHC and CO emissions as shown in Fig. 4 . However, too early injection, for example at 35 uCA BTDC as shown in Fig. 7 , results in spray impinging upon the lip of the piston cavity, and significant amounts of fuel-rich mixture would miss the piston bowl and enter the squish zone between the piston top and cylinder head at TDC as shown in Fig. 8(a) . These mixtures with equivalence ratios above 2.0 are very difficult to burn completely in low temperature and low oxygen environments. Particularly, in the case of TDC ignition, owing to the cooling effect of the gas expansion, these mixtures may be subject to temperatures even lower than the temperatures necessary for UHC conversion to CO, resulting in the increases in UHC and the decreases in CO as shown in Fig. 4 . Figure 9 shows the mixture distribution after the start of the first injection in the two-stage injection, with 20 per cent fuel injected in the first injection at 35uCA BTDC and with 5uCA dwell between the end of the first injection and start of the second injection.
Effect on the mixture formation processes of single injection with various injection timings
Effect of two-stage injection with various dwells on mixture formation processes
Here the injection timings are based on the measured Even when the fuel spray in the first injection is directed at the lip of the piston cavity, the injected quantity is very small, and the droplets will evaporate and lose momentum quickly. As a result, the mixture does not penetrate very far into the squish zone. The fuel spray in the second injection is almost completely caught in the piston cavity. As a result, there is little mixture with equivalence ratios above 2.0 in the squish zone. This relates well to the reductions in the UHC and CO emissions as shown in Fig. 4 . As shown in Fig. 10 , however, there are significant amounts of mixture with equivalence ratios below 0.5, which could be one reason why the UHC and CO emissions are still at high levels, even with the two-stage injection. Figure 11 shows the mixture distribution at TDC for the two-stage injection with the second injection timing varied. Retarding the second injection can decrease the mixtures with equivalence ratios from 0.2 to 0.5. However, mixture volumes with equivalence ratios below 0.2 increase, though these mixtures would account for only a small percentage in the total injected quantity. Further, when the second injection is retarded to later than 20uCA BTDC, mixtures with equivalence ratios above 2.0 significantly increase along the wall of the piston cavity. These mixtures would be very difficult to burn completely with the retarded combustion phasing as shown in Fig. 5 . This could provide an explanation for the increases in the UHC and CO emissions with the retarded second injection as shown in Fig. 4 .
CONCLUSIONS
The effects of two-stage injection on the UHC and CO emissions with smokeless low temperature diesel combustion at ultra-high EGR were investigated with engine experiments, and the mixture formation processes were studied with CFD simulations to explain the effects of the two-stage injection. With optimized dwell and injection ratio, the two-stage injection can reduce the UHC and CO emissions, but these emissions are still at fairly high levels in the ultra-high EGR smokeless LTC regime. The reductions in the UHC and CO emissions with the two-stage injection can be attributed mainly to the fact that the fuel-rich mixtures in the squish zone are circumvented and the improved fuelair mixing leads to faster rates of heat release. However, the over-lean mixtures at the centre of the combustion chamber are little reduced with the two-stage injection, and they would be a significant source of the UHC and CO emissions, in addition to the generally known sources of UHC and CO emissions. These results suggest that improvements in fuel-air mixing at relatively high intake oxygen concentrations (12 per cent in this study) are necessary to simultaneously reduce the soot and NO x emissions while keeping the UHC and CO emissions at low levels.
